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A  method  of  switching  from  a  nuclear  isomeric  state  to  a  lasing 
state  is  examined.  A  semi-classical  model  of  laser-electron- 
nuclear  coupling  is  developed.  In  it  the  electrons  are  treated 
as  free  in  the  external  field  of  the  laser,  but  with  initial 
conditions  corresponding  to  their  atomic  orbits.  Application 
is  made  to  testing  this  model  in(^3^U/and  to  the  design 
criteria  of  a  gamma^ray  laser. 
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I.  INTRODUCTION 

Much  effort  has  been  devoted  in  recent  years  to  the  search  of  physical 


mechanisms  and  techniques  that  would  permi'  the  developement  of  a  gamma-ray 


1 


laser.  In  one  of  the  most  promising  schemes  proposed  up  to  now,  energy  is 
first  stored  in  a  long-lived  (isomeric)  nuclear  state.  Then  a  fast  transition 
to  a  short-lived  level  is  induced  by  some  external  stimulation.  It  is 
presently  believed  that  a  certain  number  of  conditions  have  to  be  met  in  order 
to  implement  this  scenario  in  practice.  In  particular,  it  seems  at  least 
desirable  that  the  second  step  -  the  lasing  phase  -  populate  the  upper  level 
of  a  recoiless  Mossbauer-type  transition.  However,  whatever  the  precise 
sequence  of  nuclear  levels  involved,  one  basic  requirement  is  to  be  able  to 
produce  a  significant  population  of  the  storage  level,  and  then  switch  it  to 
the  lasing  level  in  a  time  shorter  than  Its.  lifetime. 

The  purpose  of  this  paper  is  to  analyze  the  possibilities  of  a  method 
where  the  isomer  population  would  be  switched  to  the  lasing  state  by  the 
motion  of  the  atomic  electrons  in  the  field  of  a  intense  laser.  In  fact,  it 


seems  that  highly  localized  electron  current  densities  can  be  induced  in 


mul ti -el ectron  atoms  by  powerful  lasers^  and  may  couple  to  nuclear 
3 


excitations.  A  direct  excitation  of  low-lying  nuclear  levels  is  therefore 
conceivable  and  would  be  a  powerful  test  of  this  mechanism.  On  the  other 
hand,  we  expect  the  nuclear  transition  probability  per  unit  time  to  be  very 
small  since  the  driven  electrons  move  at  average  distances  from  the  nucleus 
comparable  to  atomic  dimensions. 

We  must  emphasize  that  we  have  no  reason  to  utilize  this  method  to  excite 
low-lying  nuclear  states.  That  is  solely  a  test  of  the  method.  If  this 
laser-el ect ron-nuc 1 eus  coupling  has  any  value,  it  will  be  in  switching  from  an 


isomeric  to  a  lasing  state.  We  will  discuss  the  conditions  in  which  that 

could  take  place  later  in  the  paper. 

In  the  present  analysis  of  this  problem,  we  do  not  attempt  to  set  up  a 

precise  description  of  the  laser  +  electrons  +  nucleus  system.  An  exact 

solution  is  beyond  our  imagination  and  a  sophisticated  approximation  (TOHF)  is 

4 

both  in  progress  and  very  difficult.  Our  aim  is  rather  to  determine  if  a 

laser-electron-nucleus  coupling  mechanism  has  any  chance  at  all  to  be  useful 

for  a  gamma-ray  laser.  In  this  spirit,  we  develop  a  very  simple  model  for  the 

electron  motion  which  always  errs  in  overestimating  the  electron-nucleus 

coupling,  but  nevertheless  has  the  structure  of  a  more  realistic  theory. 

Namely,  we  assume  that  the  atomic  electrons  are  set  into  motion  by  the 

electric  field  of  the  laser  as  if  they  were  free.  They  are  hypothesized  to 

move  on  classical  trajectories  starting  at  their  location  in  the  atom.  The 

nuclear  transition  probability  derived  with  these  assumptions  is  therefore  an 

upper  limit  that  is  indicative  of  the  possibilities  of  the  method  and  affords 

an  opportunity  to  examine  these  effects  as  a  function  of  the  pertinent 

parameters.  We  are  free  to  include  or  not  include  individual  shells  and  thus 

can  examine  both  the  effects  of  atomic  binding  (relative  to  the  laser  energy) 

and  possible  coherent  electron  motion. 

As  a  test  case,  we  choose  the  A 1  =  3  transition  from  the  ground  state  to 

235 

the  75  eV,  26  mn  isomeric  level  of  1)  which  has  also  been  discussed  by 
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SOtEM  et  al.  in  a. more  simplified  model  which  treats  the  electron  cloud  as 
a  rigid  body.  The  frequency  of  this  transition  being  only  ~  15  times  that 
of  presently  available  U-V  lasers, ^  it  has  been  suggested  as  a  very  good 
candidate  for  testing  this  mechanism.  However,  our  study  extends  to  more 
general  cases  since  we  determine  the  dependence  of  the  transition  probability 


on  the  frequency  and  multipolarity  of  the  nuclear  transition.  We  also  analyze 

the  influence  of  the  characteristics  (frequency  and  intensity)  of  the  laser. 

In  the  second  section  we  develop  our  model.  The  results  obtained  for  tie 

nuclear  transition,  probability  with  different  sets  of  parameters,  are 

presented  in  the  third  section.  In  the  fourth  one,  we  apply  tnem  to  the  case 
235 

of  U.  The  fifth  section  details  design  cons iderations  for  a  realistic 
gamma-ray  laser  with  the  provison  that  our  calculations  underestimate  the 
power  and  frequency  requirements  of  the  mechanism.  Conclusions  are  drawn  in 
the  sixth  section. 

II.  MODEL 

As  mentioned  in  the  introduction,  we  assume  that  the  effect  of  the  laser 

is  to  set  into  motion  all  the  electrons  of  the  atom  as  if  they  were  free.  In 

other  words,  the  influence  of  the  Coulomb  field  of  the  nucleus  as  well  as  the 

shielding  due  to  the  external  atomic  shells  are  ignored.  In  the  same  spirit, 

each  portion  of  the  electron  cloud  is  supposed  to  move  along  a  classical 

trajectory.  That  is,  we  choose  simplistic  initial  conditions,  namely  that 

each  electron  is  a  classical  gas  whose  initial  position  is  governed  by  its 

quantum  spatial  distribution.  Neglecting  relativistic  retardation  and 

re-radiation  effects,  the  motion  of  the  electrons  is  due  entirely  to  the 

electric  field  £  of  the  laser,  we  assume  the  laser  linearly  polarized 

(£  parallel  to  z)  and  the  wavelength  much  larger  than  the  atom  size 

(which  is  true  for  ultraviolet  and  soft  x-ray  lasers).  The  z-component  of  the 

electric  field  can  therefore  be  written  E,  =  E  sin  w  t  with  w  the  laser 

frequency,  with  these  assumptions,  each  portion  of  the  electron  cloud 

initially  located  at  (x  ,y  ,z  )  acquires  a  harmonic  motion  on  a  linear 

ooo 

trajectory : 


Ze(t)  -  Z0  -  Y  sin  „0t 

with  the  same  amplitude 


( 


(e  and  m  are  the  electron  charge  and  mass  respectively).  Denoting  by 
ep^  charge  distribution  of  the  i-th  electron  before  excitation  and  by 
ep^  its  charge  distribution  when  it  moves  according  to  (1),  we  have: 


(i) 


(r  (t)) 


- 


(?o> 


with 


%(t)  •  (x0.r0.Z0  -  ,  sin  *0tl  r0  -  (xo.V0.Z0) 

The  Coulomb  field  created  at  point  r  by  the  i-th  moving  electron  is  therefore 

f  d3re(t)  PV  (reft))  =  J d3rQ  po  (ro) 

\r  -  re(t) !  I r  -  rg(t) I 

and  the  time-dependent  electron-nucleus  interaction  is 


V(  t) 
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i  =  i 


l  d3r 
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f 3 
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*  (r.a) 


(r.o) 


6 


where  ( resP ■  prot¥  is  the  creation  (resP-  annihilation) 

operator  of  a  proton  of  spin  a  at  point  r.  The  Hamiltonian  of  the  nucleus 
in  the  external  field  created  by  the  Z  moving  electrons  now  is 

H  *  H  +  V(t) 


where  H,  is  the  nuclear  Hamiltonian,  and  the  t  ime -dependent  state  |  <*»(  t )  >  of 
N 

the  nucleus  can  be  expanded  on  the  eigenstates  lxn>  of  HN: 


_  1  Ent 
u  0 

l*(t)>  =  I  b  ( t)  e  lxn> 

n 


HN  lxn>  =  En  1  V 


We  assume  the  nucleus  initially  in  state  |xQ>  (with  angular  momentum  IQ). 
The  probability  of  finding  the  nucleus  in  state  I  x-j  >  (with  angular  momentum 
)  at  time  T]  is 


P(T)  = 


21  *  1 
o 


0  1 

l  I 

Mo  =  ~lO  M1  =  -ll 


i  b  1  (  t  )  r 


(4) 


with 


T  1  (En-Em)t 

VT>  ‘  *n  0  *  il  <  at  J  OJ'I'HV  e"  V1’ 

o  in 


(5) 


We  first  evaluate  the  nuclear  transition  probability  after  one  laser 

-14  -15 

cycle  of  duration  T  =  2ir/w  .  Since  T  is  of  the  order  of  10  -  10  s 

ooo 

and  the  electron-nucleus  interaction  is  expected  to  be  small,  (5)  can  be 
evaluated  using  first  order  perturbation  theory.  Then: 


.'i-VlV/ 


bn  (T0)  =  ^  1  M  dt  <X]  |V(t)  |x0>  e  ,WN  " 


«-N  =  (En  -  E0)/H 


Inserting  the  expression  (3)  of  V(t)  and  expanding  the  Coulomb  potential  into 
spherical  harmonics  gives 


W  ■  J.  >  d3ro  J.  J  ,  HTT  Th  I  dt  eSt  vx  <E  <l>> 

1=1  X=U  u= -X 


re(t)  x 

*  l  JVr  v“*  (r)  (  J  r2<lr  <x,  I  <rot<?.°)  *prot(*.«>  I V 


2  Cre(t)l  t  - 

(t)  r  dr  rx  +  1  <X1 |fprot(r,o)  'Vot(r,a)  x0> 


We  now  assume  that  the  nuclear  transition  matrix  element 


<xn  I  ¥+  .  (r,o)  4*  . (r,o)  1  x  > 

1  1  prot  prot  o 

is  peaked  around  the  nuclear  surface.  This  is  certainly  valid  for  transitions 
between  low-lying  nuclear  states  since  they  involve  essentially  single¬ 
particle  or  surface  collective  excitations.  With  this  assumption,  the  first 
integral  in  the  bracket  is  non-zero  only  if  r  (t)  lies  outside  the  nucleus 
and  the  second  one  is  always  very  small  in  comparison  to  the  first:  it 
contains  the  factor  (rg(t)/r),  with  r  (t)  smaller  than  the  nuclear  radius 
(we  exclude  in  this  study  the  case  of  X  =  0  transitions) .  Keeping  then  only 
the  first  integral,  its  upper  limit  can  be  extended  to  infinity.  This  leads  to 
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where 


-r 

.  ,  _  .  4 ire  ~  f  3  (i)  .-»  .  r  ^Ku^oro^  .  ,1  , 

W  =  ih  ^  )c  ropo  (r0)  E  2X  +  1  x1,0Xu  V 

1  =  I  «/  Xu 


\u  *  J  Cot(?’3)  erX  Vot<?'o)  Yf<?) 


is  the  electric  multipole  operator  of  order  x  and 


-  fTo  ic  t  Y^(re(t)) 

S.  (VJ  =  dt  e  (r  (t)  -  R  )  e  Nl  — - r 

Xu  o  o  Jo  e  n  [r  (t)]x+1 


Here  e  is  the  usual  step  function  (e(x)  =1  if  x  <  0  and  0(x)  =  0  if  x  <  0) 
and  we  have  assumed  a  spherical  nucleus  of  radius  R... 

N 

Using  (8)  and  (4),  the  transition  probability  between  times  0  and  Tq  is 


W  l  f d3r  fdV  „<’>(?)  ,<*'>(?■] 
f»  i  i'-l  J  0  J  o  0  o'  0  o; 


P(T0)  -  ( 


s  ( T  r  )  s,  ( T  ,  r '  ) 

-  -  X^  .o_..o  XV'  o’  o; 

?  .f  ,  2X  +  1  2X '  +  1 

\y  A.  U 


The  quantity 


A  21  fl  J  J  <xl'VV*  <X1  ,QX'  u'  lxo' 

0  MM, 

0  I 


is  readily  expressed  with  the  Wi gner-Eckart  Theorem  and  the  definition 


sax,  i0  -*  -  I  I  1  <xi 1  ^Xu 1  xo>  1 

u=-X 


of  B(  EX,  I0  -»  I  -j  )  [7],  One  obtains: 


A  =  A  ,  A  ,  B(  EX;  I  -  I.  )  /  ( 2X  ■*•  1  ) 
xx  uu  o  i 


BWS 


^  .V  A  ->  A  A  A  .v  »■>  .  *  m\m  •  *  ’  *  "  A  , 


Taking  the  lowest  non-zero  value  of  X  as  the  most  probable  multipolarity  of 
the  transition,  the  transition  probability  finally  is: 


4l,e  2 

P(V  -  <-r> 
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y=-X 


Ji 

J  i=i 


‘A  4”  (?o' 


Wro>  r 


BLLM. 
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( 2x+l ) ' 


wi  th 

X  =  1^  -  lol  x  0 


In  the  following  we  shall  first  base  our  discussion  on  the  partial 
transition  probability: 


P(V 


r 

o 
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S,  (T  ,r  ) 

Xp  o  o 


.2  B( EX) 

( 2X+1 ) 3 


and  the  one-electron  transition  probabilities: 


(12 


P 


(i) 


(T 


(i 


(ro} 


P(T 
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(13 


How  the  complete  transition  probability  (11)  can  be  related  to  (12)  and 
(13),  that  is  the  effect  of  the  coherence  of  the  motion  of  the  electrons,  will 
be  discussed  in  the  next  Section. 

Finally,  the  transition  probabilities  (12)  and  (13),  derived  for  one 

laser  cycle  T  ,  will  be  readily  extended  to  one  laser  pulse  T_  =  N*T 
o  P  o 

(N  *  300).  In  fact,  as  we  shall  see  in  the  next  Section,  the  transition 
probabilities  for  one  cycle  are  small  and  first  order  perturbation  theory  is 
still  valid  during  one  laser  pulse.  Replacing  then  Tq  by  Tp  in  (12)  and  using 
the  periodicity  of  the  integrand  of  S,  (Tn,r  ),  one  finds  that  P(Tn,r  )  is 

U  0  r  0 

equal  to  N.P(To>ro)  if  is  dose  to  an  integer  and  vanishingly  small 

otherwise.  Consequently,  during  one  laser  pulse,  only  those  nuclear 


transitions  whose  energies  are  an  integer  nuriber  of  times  the  User  photon 
energy  can  be  excited  by  the  moving  electrons. 


III.  RESULTS. 

We  first  study  the  behaviour  of  the  probability  P(TQ,ro)  of  eq .  (12). 

This  quantity  depends  on: 

-  the  parameters  r^Q  =  (x^  +  y^)1^  and  z  entering  r^  (the  detailed 
expressions  developed*  in  the  Appendix  show  that  (12)  depends  on  xq  and  yQ  only 
through  the  combination  r  ). 

-  the  energy  and  the  multipolarity  X  of  the  nuclear  transition. 

-  the  frequency  and  the  maximum  electric  field  strength  EQ  of  the  laser 
(treated  as  an  incident  classical  external  electro-magnetic  field). 

In  most  applications,  we  suppose  that  the  laser  works  in  the  ultraviolet 

frequency  range  ( =  5  eV) ,  and  gives  an  electric  field  strength  Eq  between 

2  -8 

one  and  five  atomic  units  e/aQ  (aQ  =  .529  10  cm).  This  corresponds  to  an 

lb  18  2 

electromagnetic  intensity  between  7.10  and  2.10  W/cm  .  These 
characteristics  are  similar  to  those  envisaged  by  Boyer  and  Rhodes  [6j.  WUh 
tnese  parameters,  the  amplitude  of  the  sinusoidal  motion  of  the  electrons  is 
greater  than: 


Y 


30  a 

o 


;  '  5) 


Tne  numerical  application  we  have  performed  applies  to 
1  3 

-  =  92,  R  =  .14  10  a  )  and  the  8(Ex)  in  eq .  (12)  has  been 
one  Weisskopf  unit  (we  assume  the  nucleus  is  spherical  with 


235 

the  'J  nucleus 
taken  to  be 
radi us  R N ) : 


n 


6<Ek»  ■  £  <rh>2  <rn)2x 


(16) 


The  one-electron  transition  probability  (12)  has  been  computed  using  the 
method  described  in  the  Appendix.  The  dependence  of  P(^0.^0)  on  ri0  Is 
displayed  in  the  Figures  (la)  to  (lc)  for  some  sets  of  the  other  parameters. 
The  observed  variations  appear  very  well  reproduced  by  the  formula  (A-22)  and 
(A-25)  derived  in  the  part  2  of  the  Appendix.  They  can  be  rewritten  here: 


P<Vrio’V  S 


P(T  , r 
0  10 


P(T  ,  r 
v  0  10 
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r  <  R 
io  ~  N 


(17) 


R.. ,  Z  )  x  (— )  R.,  <  r  <  R 

N  o  vr  '  N  -  io  -  max 
10 


where  R  -  5  a  is  much  larger  than  the  atom  radius.  In  all  the 
max  o 

calculations  we  have  done,  the  prescription  of  (17)  is  very  accurately 
fol lowed . 

Since  P(T  ,r  ,z  )  is  maximum  for  r  =  R.,,  we  now  concentrate  on  the 
o  io  o  io  N 

behaviour  of  P(T  ,r  =  R.,,z  )  as  a  function  of  z  and  of  the  other 
o  io  N  o  o 

parameters . 

First,  the  dependence  of  this  quantity  on  \  and  on  the  laser  flux  a>  is, 
in  all  the  calculations,  very  closely  reproduced  by  the  eq.  (A-28)  derived  in 
the  part  2-b/  of  the  Appendix.  Namely: 


P(To 


10 


R  .ZQ) 


1  1 _ 

*  ( 2\+l ) 4  (X+3)2 


(13) 


The  decrease  of  the  transition  probability  when  <$>  increases  may  seem 
surprising.  This  behaviour,  however,  is  easily  understood  from  the  relation 
(15)  between  $  and  the  amplitude  y  of  the  electron  motion:  when  <p  increases 
and  the  frequency  remains  fixed,  the  electrons  move  farther  from  the  nucleus 


12 


and  the  average  Coulomb  field  experienced  by  the  nucleus  decreases.  The 

dependence  (18)  on  x.  shows  that  the  transition  probability  for  x.  =  1  is  12 

times  the  one  for  \  =  l  and  67  times  the  one  for  x  =  3. 

The  figures  (2a)  to  (2c)  display  the  variation  of  p(T0>r10  =  RN*  ZQ)  as  a 

function  of  the  initial  position  zQ  of  the  electron  for  different  values  of 

and  Xu>N.  One  observes  that  the  probability  is  quasi-periodic  and  becomes 

very  small  for  some  values  of  zq.  The  period  of  the  oscillations  tends  to  be 

larger  as  and  decrease.  This  behaviour  can  be  understood  by  looking  at 

the  formula  ( A -28 )  of  the  Appendix:  the  probability  is  proportional  to 
2 

(cos  (cto<jn/wo))  with  zq  -  YCOSaQ  =  0.  When  zq  <<  y,  aQ  -  w/2  -  zq/y  and  the 

period  with  respect  to  z  of  this  term  approximately  is 

o 

u>  E 

o  e  o 
*y  —  =  ir  - - 

"N  m  “owN 

We  now  examine  the  one-electron  transition  probability  (13).  In  the 
part  3  of  tne  Appendix,  we  show  that  an  upper  limit  for  this  probability  is 
g i ven  by  (see  ( A-45 ) ) : 


P(1)(T  )  =  P™*  (T  r  =  R  )  x  (Dnlj  +  E°lj) 

0  O  10  N 


(19) 


»  «ith 
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Mdx 

The  values  of  the  P  of  eq.  (20)  are  listed  in  the  second  column  of  the 

Table  II  for  different  sets  of  the  parameters  Mu...  Mu  and  X.  We  have  assumed 

N  0 

16  2 

<t>  =  7.10  W/cm  for  the  laser  intensity  since  the  probability  corresponding  to 
other  values  of  $  can  be  obtained  exactly  from  eq.  (18).  One  can  verify  that 
the  behaviour  of  (20)  with  \  and  Muq  follows  -  with  an  accuracy  of  about  8-9% 

-  the  formula  (A-31)  of  the  Appendix.  Using  dimensionless  quantities  and 
allowing  B(EX)  to  be  different  from  one  Weisskopf  unit,  this  formula  can  be 
rewritten  here: 


PMax(T  , r  =  R  ) 
v  o’  10  N ' 


(Mu  /5eV) ' 

0 _ 

4,/A 


8X1X1 


(2X+1)  ( X+3 ) ' 


(Mun) 


(21) 
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where  <t>Q  =  7.10  W/cm  and  B(Ex)  is  expressed  in  Weisskopf  units.  Let  us 

2 

recall  that  this  expression  can  be  used  only  if  the  amplitude  y  -  e  Eq  /muQ  is 
much  larger  than  the  atom  radius.  Using  Table  II  it  appears  that  C(Mu..)  is  a 

N 

very  slowly  changing  function  of  MuN .  It  takes  values  between  40  and  60  for 

20  eV  <  Mun  <  500  keV.  This  result  may  appear  surprising  in  view  of  the  form 

(9)  of  S(TQ,ro):  one  expects  that  the  exponential  factor  averages  the  integral 

to  zero  when  uN  is  large.  In  fact,  the  expressions  developed  in  the  Appendix 

reveal  that  only  the  values  of  t  belonging  to  a  very  small  interval  At  give  a 

significant  contribution  to  the  integral.  The  discussion  leading  to  the 

K  -ft 

formula  (A-29)  shows  that  At  ~  R.,/(yu  )  -  ~ —  T  =:  10  °T  .  It  follows  that, 

N  o  2itt  o  o 

unless  Mun  larger  than  at  least  1  MeV,  the  exponential  in  (9)  does  not 
oscillate  in  the  interval  At  and  consequently  the  integral  is  not  expected 
to  go  to  zero.  From  a  physical  point  of  view,  this  result  means  that  the 
electrons  are  actually  effective  in  exciting  the  nucleus  only  during  the  very 
short  time  they  spend  in  the  vicinity  of  the  nucleus,  that  is,  when  the 
Coulomb  field  experienced  by  the  nucleus  is  maximum.  As  a  matter  of  fact, 


i 


at  is  approximately  the  time  required  by  a  electron  moving  according  to  (1) 
with  r^Q  =  0  to  pass  through  the  nucleus.  However,  this  independence  of  the 
laser  frequency  from  the  nuclear  transition  is  misleading.  The  number  of 
cycles  in  a  laser  pulse,  assumed  to  be  300  cycles  in  our  case,  restricts  the 
nuclear  transition  to  an  integer  multiple  of  the  laser  frequency.  Practical 
considerations  will  restrict  this  multiple  to  an  integer  low  enough  to  manage 
this  energy  matching. 

The  values  listed  in  Table  I  show  that  the  one-electron  probability  (19) 
is  maximum  for  electrons  belonging  to  the  Is  and  2s  shells,  whatever  the  value 
of  x.  The  probability  induced  by  one  electron  of  the  3sl/2,  2pl/2  and  4sl/2 
shells  are  4%,  2%  and  1%  respectively  the  one  induced  by  a  Is  electron. 
Electrons  on  the  other  shells  contribute  only  less  than  IX.  This  remark  has 
important  consequences  concerning  the  effect  of  possible  coherence  of  the 
motion  of  the  electron  cloud,  that  is  the  relation  between  the  total 
transition  probability  (11)  and  the  one-electron  transition  probabilities 
(13).  In  fact,  the  summation  over  i  in  (11)  can  be  restricted  to  the  4 
electrons  belonging  to  the  Is  and  2s  shells.  Consequently: 

P(T  )  =  4  l  P(1)( T  )  (22) 

i 

with  P  (T  )  given  by  (13)  and  (19).  The  effect  of  the  coherence  of  the 
electron  motion  is  therefore  to  multiply  the  incoherent  transition  probability 
by  a  factor  of  4.  This  is  much  less  than  the  Z  factor  that  would  have 
appeared  by  directly  trying  to  majorate  the  square  of  the  sum  over  i  in  (11). 

Finally,  the  third  column  of  Table  II  displays  what  we  obtain  as  an  upper 
limit  for  the  incoherent  transition  probability  induced  by  all  the  atomic 
electrons.  It  has  been  obtained  by  summing  (19)  over  all  the  atomic  shells. 
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According  to  (22),  the  total  coherent  transition  probability  is  about  *  times 
larger . 


At  this  point,  we  would  like  to  stress  that  the  inner  shells  -  whosj 
contribution  to  the  total  probability  is  maximum  -  are  occupied  by  the  most 

tightly  bound  electrons.  As  shown  in  Table  I,  the  binding  energies  of  the  Is, 

2s  and  2p  electrons  are  larger  than  15  keV.  Since  the  kinetic  energy  of  a 
free  electron  is,  with  the  laser  parameters  we  have  adopted,  at  most  4  keV,  it 
is  very  unlikely  that  the  electrons  belonging  to  these  shells  can  be  set  into 
motion  by  the  laser.  In  addition,  the  electric  field  experienced  by  the 
innermost  electrons  certainly  is  considerably  screened  by  the  electrons 
belonging  to  the  other  shells.  Table  I  also  shows  that  the  electrons 

belonging  to  the  3s,  3p  and  3d  shells  have  binding  energies  in  the  range  3-5 

keV.  The  influence  of  the  laser  on  these  electrons  may  therefore  be 
questionable.  However,  as  we  want  to  keep  the  possibility  of  dealing  with 
high  laser  fluxes  and,  furthermore,  are  interested  in  deriving  upper  limits  to 
the  nuclear  transition  probabi 1 ities ,  we  shall  assume  that  the  electrons  of 


these  latter  shells  do  contribute  to  the  nuclear  excitation.  Oue  to  this 
remark,  one  should  therefore  be  aware  that  the  probabilities  obtained  when 
including  all  the  Uranium  electrons  are  very  strongly  overestimated.  For  this 
reason,  we  have  listed  in  Table  II  the  transition  probabilities  computed:  a/ 
from  the  two  3s  electrons  which  are  the  most  bound  ones  that  may  contribute 
(fourth  column),  b/  when  excluding  the  Is  and  2s  electrons  (fifth  column)  and 
c/  when  excluding  the  Is,  2s  and  2p  electrons  (sixth  column).  The  latter 
values  certainly  are  the  closest  to  reality  and  will  be  used  in  the  following 
applications.  Inclusion  of  coherence  effects  would,  as  before,  result  in  a 


factor  of  4  since,  in  this  case,  the  3s  and  4s  shells  give  the  major  part  of 
the  transition  probability. 


IV.  APPLICATION  TO  THE  POPULATION  OF  THE  75  eV  ISOMER  QF  235U. 

Given  the  nuclear  transition  probabilities  per  laser  cycle  found  in  the 

preceding  Section,  it  is  interesting  to  estimate  what  would  be  the  number  of 

excited  nuclei  actually  produced  in  a  laser-induced  excitation  experiment.  We 

235 

choose,  as  before,  to  excite  the  26  minutes,  75  eV  isomer  of  U,  and  assume 

this  can  be  done  by  means  of  the  following  experimental  set-up.  A  sample  of 
235 

U  hexafluoride  gas  is  enclosed  in  a  small  container  sitting  in  vacuum.  The 
laser  beam  passes  through  the  container  by  means  of  windows  and  is  focused  In 
the  center  of  the  container.  For  reasons  related  to  the  technology  of  highly 
transparent  windows,  the  gas  pressure  inside  the  container  is  assumed  to  be 
only  1  Torr  (1/760  atmosphere)  at  normal  temperature  [11].  In  this  situation, 
all  the  nuclei  contained  in  the  laser  focus  volume  can  be  supposed  to 
experience  the  full  laser  flux  and  energy  [12].  The  laser  characteristics  we 
choose  are  those  considered  previously;  photon  energy  =  5  eV,  flux  $  = 

1  C  IQ  p  1  O 

7  10  to  2.10  W/cm  ,  pulse  duration  =  300  laser  cycles  (-  2.10  s.),  pulse 

3 

repetition  rate:  one  per  second,  focus  volume  (10  urn)  .  With  the  latter 

235 

figure  one  finds  that  the  number  of  U  nuclei  involved  m  the  excitation 
process  is  -  3.  .  We  assume  the  experiment  can  be  carried  out  during  the 

whole  isomer  lifetime  without  change  in  the  number  of  U  nuclei  contained  in 
the  focus  volume. 

Table  III  displays  upper  limits  for  the  number  of  isomers  that  could  be 
produced  in  such  an  experiment.  The  contributions  of  different  electrons 
shells  are  displayed.  In  each  case,  we  have  listed  the  upper  limit  of  the 
nuclear  transition  probability  per  laser  cycle  (taken  from  the  line  = 

75  eV,  =  5  eV.  x  =  3  of  Table  II)  and  the  isomer  yields  corresponding  to 
different  exposure  times.  We  first  give  the  number  of  isomers  produced  by  the 
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motion  of  the  two  electrons  of  the  3s1/2  shell  since,  as  was  discussed 

previously,  they  are  the  deepest  electrons  that  are  likely  to  be  set  into 

motion  by  the  laser  (their  binding  energy  is  comparable  to  the  kinetic  energy 

18  2 

of  a  free  electron  in  the  electric  field  of  a  laser  of  flux  10  W/cm  ). 

As  expected,  their  contribution  is  fairly  large:  it  represents  60*  that  of 
the  80  less  bound  electrons.  The  last  two  lines  include  the  contribution  of 
the  2p,  2s  and  Is  shells.  Although  these  shells  will  not  participate  in  the 
nuclear  excitation,  we  have  displayed  the  corresponding  isomer  yields  to  show 
what  would  be  the  results  if  they  were  incorrectly  taken  into  account.  The 
maximum  number  of  isomers  that  could  be  produced  in  the  envisaged  experiment 
during  the  level  lifetime  does  not  exceed  50-60,000.  One  must  recall  (end  of 
Section  II)  that  the  nuclear  transition  must  be  an  integer  multiple  of  the 
laser  frequency.  Whether  or  not  this  yield  would  support  a  viable 
experimental  measurement,  we  leave  to  the  expertise  of  our  more  practical 
col  leagues . 


V.  APPLICATION  TO  THE  TRANSFER  FROM  THE  STORAGE  LEVEL  TO  THE  LASING  STATE. 

As  a  second  application,  we  now  study  if  the  excitation  mechanism 
analyzed  in  this  work  can  be  used  to  induce  the  lasing  phase  of  a  gamma-ray 
laser,  that  is,  to  cause  the  transfer  from  the  storage  level  to  a  short-lived 
state  lying  higher  in  energy.  Our  discussion  will  be  based  on  the  nuclear 
transition  probability  per  laser  pulse  P(Tp)  deduced  from  (19).  Taking  as 
before  the  pulse  duration  to  be  300  cycles,  we  have: 


P(Tp) 


300  P 


Max 


<V\o  ■  V  s  /lJ  <"n*j  - 

ntj 


(23) 


where  the  summation  over  (nlj)  extends  to  the  electron  shells  participating  to 

the  nuclear  excitation.  We  first  assume  the  laser  photon  energy  is  Hiwo  =  5  eV, 
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the  laser  flux  is  <t>  =  <t>  =  7.  10  W/cm  and  all  electrons  except  those  of  the 

M  3  X 

Is,  2s  and  2p  shells  participate  to  the  excitation.  The  quantity  P  (TQ,  r^Q 

=  Rn)  is  then  very  well  reproduced  by  eq.  (21).  The  transfer  probabilities 

obtained  from  (23)  in  this  case  are  listed  in  Table  IV  for  8(E\)  =  1  Weisskopf 

unit  and  different  values  of  the  multipolarity  X  of  the  nuclear  transition. 

Let  us  recall  that  the  results  are  almost  independent  of  the  energy  of  the 

transition  between  20  eV  and  500  keV  although  the  experimental  problem  of 

matching  the  nuclear  transition  energy  to  an  integral  multiple  of  the  laser 

frequency  will  limit  the  magnitude  of  this  ratio  (we  have  taken  C(XwN  =  50  in 

(21)).  It  appears  that  in  order  to  obtain  a  transfer  probability  per  pulse 
-4 

larger  than  10  -  a  value  that  seems  at  least  desirable  -  with  the  above  laser 

characteristics ,  one  has  to  choose  a  nuclear  transition  of  multipolarity  \  =  1 
and  preferentia 1 ly  of  collective  nature  (8(E\)  >  1). 

It  must  be  noted  that  acting  on  the  parameters  and  <j>  of  the  laser 
would  not  help  much  in  improving  the  transfer  probabi 1 ities .  At  first  sight, 

LI  n  y 

it  seems  that  increasing  the  ratio  (Mwo)/<j>  contained  in  P  (TQ,r  R)  woulcl  be 
useful.  However,  since  the  average  kinetic  energy  acquired  by  one  electron 
from  the  laser  is  inversely  proportional  to  this  ratio,  less  electron  shells 
are  expected  to  participate  to  the  nuclear  excitation  and  the  sum  in  (23) 
tends  to  decrease.  For  instance,  if  the  aDove  ratio  is  multiplied  by  10,  only 
the  5s  and  less  bound  shells  should,  in  the  best  case,  be  included  and  the 
probability  P(T  )  increases  by  a  factor  of  at  most  5.  Higher  values  of  the 
ratio  would  result  in  no  electron  motion  at  all.  we  would  stress,  however, 
that  the  case  of  low  fux  and  high  Hw  is  somewhat  beyond  the  limits  of  the 


VvvM 
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model  used  in  this  work  which  neglects  the  influence  of  the  central  Coulomb 
potential  on  the  motion  of  the  electrons. 


VI .  CONCLUSIONS. 

A  realistic  but  computationally  simple  model  has  been  employed  to  examine 
nuclear  transitions  induced  by  laser-electron  coupling.  Applications  to  both 
test  the  model  and  to  design  criteria  for  a  gamma-ray  laser  have  been  made. 
Nearly  independent  of  laser  characteristics  we  find  the  percentage  of  nuclear 
transitions  of  multipolarity  X  to  be 

*  10~(3+X)  ,  X  =  1,2,3 

for  1  weisskopf  unit  transition  matrix  element. 

Most  electromagnetic  transitions  between  nuclear  states  have  strengths 

several  orders  of  magnitude  less  than  1  Weisskopf  unit.  In  particular,  one 

can  expect  the  transition  between  a  spin  isomeric  state  and  a  proximate  lasing 

state  to  be  severely  inhibited.  Therefore,  these  results  emphasize  the 

1  3 

importance  of  finding  isomeric  states  of  a  collective  nature.  They  also 
indicate  the  value  of  a  quantum  mechanical  calculation  of  this  motion  such  as 
that  of  ref.  (4)  which  would  include  self  shielding  and  a  more  precise 
treatment  of  electron  currents  near  the  nucleus.  Lastly,  we  must  also 
conclude  that  an  alternative  regime  for  the  switching  mechanism  would  be 
highly  des i rab le . 
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APPENDIX. 


This  Appendix  is  divided  into  three  parts.  In  the  first,  we  develop 


expression  that  permit  to  evaluate  numerically  the  nuclear  transition 


probability  (12).  Approximate  formula  displaying  the  behaviour  of  this 


transition  probability  are  derived  in  the  second  part.  The  third  one  presents 


the  method  used  for  averaging  over  the  initial  positions  of  electrons,  when 


numerical  examples  are  given,  lengths  are  expressed  in  units  of 


a  =  .529  10  °  cm. 


The  transition  probability  (12)  reads: 


P(TQ.r  )  ■  (^)2  I  I  S  (T  r  )  |2 

0  0  *  Xy  °  °  ( 2X-I-1  ) 3 


( A-l  ) 


,  0  i  t  \  (r(t)) 

S.  (Tn-rn}  =  /  e  N  -  V  ^ - TIT  dt 

Xy  °  °  0  N  [r(t)]X+1 


( A-2 ) 


r(t)  =  (r2  +•  Z(t2))1/2  z  (t)  =  z  -  y  sin  u»  t 

10  oo 


(  A  -  3  ) 


The  two  angles  defining  the  direction  of  r(t)  are  symbolized  by  r(t). 


1  -  Expression  of  S.  ( T  , r  ) . 
— * - Xu^o-1—  o2— 


we  first  re-express  S,  with  the  formula: 

Xu 


rX  Y  !*  (r)  =  C  (  x  +  i  y ) u  ( r  )X'y  P  (z/r  ) 
X  Xu  1  Xu  x 


(  A-4  1 


with  r  =  ( r 

i. 


2  1  /2 

z  )  .  The  constants  C  and  the  polynomials  PN  3re  given  in 


Table  A- 1  for  x  =  1,  2  and  3.  Then,  we  make  the  change  of  variables  t  — ' >  a  = 


j  t  and  introduce  the  variable  v  =  z/r  (we  assume  r  *  0.  This  gives: 

0  iO  10 


ww 


n'lTirn 


wi  th 
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Xy 
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=  J 
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da 


.^N 

a  -  V  fXy  ( v(a) ) 


( A— 6 ) 


f Xy  ^  V  ^  = 


P,  (V) 


(Uv2)Xfl/2 


(A-7) 


2  2  1/2 
r(a)  =  (ri0  4-  z'(a))'^ 


v(.)  -  ^  - 
xo 


z  -  y  sin  a 


xo 


(A-8) 


The  functions  f,  appearing  in  (A-6)  are  regular  and  take  very  small  values 
Xy 

except  for  |v|  <  5.  However,  .xne  integration  in  (A-6)  cannot  be  easily  done, 

especially  when  r^Q  is  small.  In  fact,  for  r^Q  -  =  .14  10  ,  a  typical 

-7  -2 

integration  step  would  be  Aa  =  Av*riC/T  ~  10  with  Av  =  10  and  y  =  20  aQ 
(a  value  of  x  shown  in  Section  III  to  correspond  to  presently  available 
intense  lasers).  We  therefore  transform  the  integral  in  the  following  way. 
first,  we  change  the  integration  interval  from  [0,2w]  to  [O.tr/2]  by  splitting 
it  into  four  equal  intervals  and  making  appropriate  changes  of  variable.  This 
gives 
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The  [ 0 , ir/2 ]  interval  is  then  further  split  into  intervals  [a^.a^j  such  that 

rt(a)  >  R..  and  |u~(a)|<uu  =  5.  The  integrals  (A-10)  therefore  become  sums  of 
N  M 

integrals  of  the  form 


ji  =  l  jaJ  da  COS  —  a  f,  {  U~( a) ) 

Xy  k  ak  “o  XU 

d 


In  order  to  carry  out  the  integration  numerically,  we  choose  a  step  Aa  such 
that  da  «»,/u  «  1.  Eq.  (A-12)  can  thus  be  approximately  replaced  by: 

N  0 


k 

J 7=1  I  COS  —  a  J  1  da  f  (u±(a>  ) 

A.U  <  i  W  ■  I 

k  J  =  1  O  J-j 


k  k 

a  =  a  a-  -  a  +■  J  A3  aKll  a, 

o  a  j  o  J  Nk  b 

■4* 

We  now  make  the  change  of  variables  a  --- »  u  =  u“  (a).  Since  >  1  in 

genera  1 ,  the  Jacobian 


du/da  -  +  sin  a 

10 


is  approximately  constant  in  each  interval  [a.  ^,aj]  with  the  value 


U_(a . )  -  u— ( a ; 


—  S  1  n  a  . 
r  .  1 

J-0  J-t 


This  finally  leads  to 


.  "k.  “N 

J-  =  V  da  y  COS  —  a,  ,  J J - 


Fxu(u'(“i-1) 


with 
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FXy(u)  =  JdU  fxu(u)  (A-17) 

The  F  (u)  can  be  expressed  analytically.  They  are  given  in  Table  A-I  for 
Xu 

x  =  1,  2  and  3.  Expression  (A-16)  is  therefore  very  easy  to  evaluate 

numerically.  Besides,  the  number  of  steps  Na  required  is  quite  reasonable: 

it  remains  lower  than  5000  for  Hw.,  <  500  keV. 

N 

The  explicit  forms  of  the  f,  ,  (A-ll)  and  ( A - 1 2 )  show  that  changing  z 

Xy  O 

into  -z  transforms  f.  (u"(<*))  into  (-)  f.  (u~(a))  and,  consequently, 

O  Xu  Xu 

♦  4 

J~  into  (-)  J~.  Therefore,  |I  1  is  unchanged  and 


P(T 

o 


r 

10 


P(T 


r 

10 


’  zo^ 


(A-18) 


Similarly,  changing  y  into  -y  transforms  (x  +•  iy)u  of  (A-4)  into 
(-  x  +  iy)u.  Consequently,  |$^(Tq)|  Is  unchanged  and  only  the  positive  or 
zero  values  of  y  have  to  be  considered. 


2-  Approximate  expressions  for  the  transition  probability. 


a/  We  first  examine  the  behaviour  of  1 1  I  and  P(T  ,  r  ,  z  )  with 

Xy  o  10  o 

r^Q.  The  amplitude  y  of  the  electron  motion  is  assumed  to  be  much  larger  than 

the  atom  radius,  a  condition  fulfilled  in  the  applications  we  consider  (the 

16  2 

laser  parameters  =  5  eV  and  <t>  =  7  •  10  W/cm  lead  to  y  >  30  aQ).  In 

this  case  the  values  of  r  and  z  of  interest  are  much  smal'er  than  y. 

10  o 

Starting  from  ( A -6 ) ,  the  variation  da  of  a  in  the  range  |v|  <  o  y~ere  T 

Xu 

( v ( a ) )  is  non-negl igible  is  very  small.  In  fact,  from  ( A -8 ) ,  da  i  i  given  by 


COS  a  da  =  10 
r  o 

10 


with 


nnrvT 


■*YT  V»y'V” 


m 


>  ->  ->  ■>  -Jl 
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z  -  r  sin  a'  =  0 
0  0 

that  is: 

r 

a"  =  Z0/  .  a"  *  tr  -  Z0/  .  |  da  |  a  10  — 

0  y  0  Y  Y 


Assuming  u^/w  is  not  too  large,  namely: 


N 


wl,  . 

—  <<  y/r 

“o 


10 


(  A  —  1  9 ) 


the  exponential  can  be  taken  out  of  the  integral  (A-6).  Hence: 


I 

A.U 


da  e( r(a)  -  Rn)  fKu(v(o)) 


i 

e 


da  9(r(a)  -  R^)  (v(a)) 


(  A— 2  0  ) 


In  the  case  r  >  R„  (but  still  r  <<  y) .  the  ©-function  is  unity  and  both 
io  N  10  J 

integrals  can  be  approximated  by: 


~  ( a " )  j  d  v  f  (  v ) 

dv  o  \u 

-co 


i  nee 


‘S  '“o’1  =  y icos  *o'  -  y 

10  i.0 


one  obtains 


t.t ». 


e  w  2  2. cos  —  ( ir/2  -  o/y)  •  -  /  dv  f  (v) 

0  “0  T  Xw 


(A-21 


Consequently,  | I,  I  is  proportional  to  r  : 

10 


'W1  -  V^o-V 


and  therefore: 


Rn  ^ 

P(T  ,r  ,z  )  -  P  (T  ,r  =  R  ,z  )  x  (—  )  r  >  R., 
v  o  10  o'  v  o’  10  n’  o'  V  '  io  -  N 

10 


( A— 22 


2  ^ 

In  the  case  r  <  R  ,  the  values  of  v  such  that  v  <  (- — )  -  1  have  to 

x0  10 
be  excluded  from  the  integration  range  in  (A-21).  When  r^Q  is  smaller  than 

R..  /  5,  the  values  of  v  that  remain  are  larger  than  5  and  the  f  (v)  can  be 
N  K\i 

replaced  by  their  asymptotic  forms.  It  is  then  easy  to  show  that  the  integral 

is  close  to  zero  if  x  +  »  is  odd  and  behaves  as  (r  otherwise.  When 

rio  ^ari3er  than  Rf/"*  anc!  dPProdches  Rfg-  the  interval  of  excluded  v-values 

shrinks  and  tends  to  zero.  The  integral  of  (A-21)  then  behaves  -  when 

non-zero  -  as  r^  with  1  <  3  <\  +  y  +  1  .  From  this  we  deduce: 
io  ~ 


r  \+u+l 

'Vrio-Vi  <af> 


(A-24 


and,  consequently: 


P(Vrio-2o'  S  P  <To’rxo-  ■  W  rx  £  rn 


The  dependence  of  P(Tq)  on  r^Q  displayed  in  (A-22)  and  ( A -2 5 )  is 


very  accurately  reproduced  by  the  numerical  calculations. 


( A— 2  5 


b/  We  now  concentrate  on  the  behaviour  of  p(T0>rl0  =  RN.  ZQ)  as  a  function 
of  the  other  parameters.  From  the  discussion  developed  in  a/,  I  is  given  by 


( A -2 1 )  with  r 


Inserting  these  expressions  into  (A-5)  and  ( A - 1 ) .  one 


gets : 


„  ,  .  X  2  .WN  B(  EX) 

P( To .  r  =  RN.Zo)  -  pr - 5  cos  (—  a  )  •  - 1 - 1 — r 

1.0  N  \  t  ^  0  /  i  v 

Rn  (y  WQ)  o  (2  X  +  l ) 


( A— 26 ) 


\  ■  *r  i  2  c*„  '  av  Vv)  ■  “r1  c\x.  Fu‘**> 

y  =  -X  -<x> 


( A— 2  7 ) 


and  a  =  j  .  The  quantity  A  is  approx ima te  1  y  proportional  to  (2  X-t-1)"1^, 

0  C  "Y  A 

2 

t  is  e  ^0/nkj0  and  B(EM  (assuming  one  Weisskopf  unit)  is  given  by  (16).  Thus 
we  obtain: 


2 

m  u  2  C0S  (w  “o1 

p(To.  r  .  Rn,  Zo)  -  K(-^)  - ^ - 2 

0  (2X  *  1  )  (X  «■  3) 


( A— 28 ) 


where  K  is  a  proportionality  constant. 

We  note  first  that  ( A - 2 6 )  is  accurate  as  long  as  (A-19)  is  verified,  that 


U*  <<  Rw 
o  N 


. A -29  : 


If  this  condition  is  not  fulfilled,  in  particular  if  is  much  larger  than 

h  wo’  p<Vr.o  =  V  V  exDecTed  To  be  lower  than  ( A  -  2  8 ) 

The  dependence  of  P(TQ,r^o  =  ,  zq)  on  Eq  and  X  is  very  simple:  The 

-2  - 1 

probability  is  proportional  to  (E  )  ,  i.e.,  to  <t>  ,  where  $  is  the  laser 
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intensity,  and  P  is  larger  for  lower  multipolarities.  This  behaviour  as  a  ’ 

I 

function  of  E  and  \  is  very  well  reproduced  by  the  numerical  calculations. 

0  < 

The  dependency  of  (A-28)  on  is  more  complicated  since  enters  in  ‘ 

particular  in  the  definition  of  a  via  the  amplitude  y.  Some  information  can  \ 

i 

be  drawn  however  from  this  expression  if  one  considers  the  maximum  value: 


PMax(T  , r 
0  1 


R  )  =  Max 

'2ol  ^  RMax 


5a. 


P(T  , r 
v  o  10 


W 


( A-30) 


obtained  when  taking  into  account  the  dependence  on  zq.  This  quantity  will 

be  shown  to  play  an  important  role  when  averaging  the  transition  probability 

over  the  initial  locations  of  the  electrons  (see  part  3/,  eq.  (A-32)).  The 

expression  (A-28)  is  periodic  with  respects  to  zq  -  which  is  confirmed  by  the 

numerical  calculations  (see  the  figures  2a  to  2c)  and  consequently,  the 

WN 

maximum  (A-30)  will  be  obtained  when  —  a  is  an  integer  multiple  of  v.  From 

o 

this  we  deduce  that  (A-30)  is  approximately  proportional  to  the  square  of  the 
laser  frequency.  Using  (A-28),  we  then  obtain: 


\ 


I 


} 

J 

J 


r 

10 


(Xw0)2  K(huN) 

*  (2\+l)4  ( X.+3 ) 2 


( A— 3 1  ) 


where  is  function  of  the  nuclear  transition  energy  only. 

3  -  Average  over  the  initial  position  of  the  electrons. 
Equation  (13)  of  section  II  can  be  rewritten: 


P(1)(T  )  =  2«  Jr  dr  J 
v  o'  i  10  10  J 

0 


•Ko 


dzo  P(Vrio’zo> 


where  (rl0-z0)  i s  the  probability  of  finding  -  before  laser  excitation  - 

the  i-th  electron  in  the  annular  volume  element  2ir r  dr  dz  .  We  assume  the 

10  10  o 


electron  distribution  symmetric  with  respect  to  the  x-y  plane,  that  is 

(r  ,z  )  =  (r  ,  -  z  )  and  use  the  majorations  ( A-22) -( A-25)  of  the 

0  10  0  0  10  0 

transition  probability.  This  leads  to 


PmUo)  <  4.  J  dz  P(T0,rio  -  Rn.Z) 


R.,  ...  +«  R..  2\  .  . . 

[  JN  r^dr^  p^  (r^.z)  +  /  (—)  p(  (r^.z)  r^dr^ 

0  ~<B  1 


( A— 32 ) 


The  numerical  calculations  show  that  P(T  ,r  =  R.,,z  )  is  a  smooth 

o  10  N  o 

function  of  z.  We  therefore  introduce  the  upper  limit: 


P  (T  ,r  „  =  Rm)  =  MaX  P  o  =  RM.Z) 

0  10  N  .  n  0  10  N 

1  i  RMax 


( A  —  3  3 ) 


where  R„  is  a  radius  such  that  the  density  p^ 1 ^  in  Uranium  is  negligible 

“aX  0 

(for  instance,  R..  =  10  a  ).  Then,  we  introduce  polar  coordinate  (r.e)  in 

Max  o 

place  of  the  cylindrical  ones.  Developing  the  condition  rJL  =  r  sin  e  < 
leads  to 

P(l)(To)  <  PMaX  (To,r^o  =  Rn)  x  (D(1)  (Rn)  *  G(1)  ( R^) )  (A-34) 


(  i )  H  ^  ir,  2  j  . 

D  '(R  )  =  4w  j  r"dr  J  d0  s i ne  o  (r, 0) 
0  0 


( A -3  5 ) 


...  i a  _  .  > 

G  1  ( R  )  =  4ir  J  r  dr  A(  1 '( r) 

N  R 

KN 


( A-36) 


,  ■  .  Vr)  if/2  /  R  \2X  ... 

A  (  r)  =  J  sined©  p^  (  r,9)  «■  J  d0  s  i  ne  (  j  p(q  1  1  (  r  ,e)  (  A-37  ) 

0  °N( r) 


The  angle  ©^(r)  is  given  by 


sin©N(r)  =  ^r,  o  <  ©N( r)  <  w/2  (A-38) 

and  the  quantity  D^(R^)  is  the  probability  of  finding  the  electron  (i)  inside 
the  nucleus. 

We  now  determine  an  upper  limit  for  G^(R„).  To  this  aim,  we  first 

N 

average  over  the  g^  electrons  (i)  belonging  to  the  same  shell  (nij).  The 
average  of  (r,e)  with  respect  to  (i)  is  independent  of  e  if  the  shell  is 

closed: 


1  i  ( nljm) ,  _  nij 


2i*'  Jj 


(r,0)  =  p0‘j  (r) 


(A-39) 


If  the  shell  is  open,  the  average  —  l  p"4jm(r,  e)  is  lower  than  (21  +  1)  x 


(i), 


3nlj  m 


pq  (r).  Consequently,  for  a  electron  (i)  belonging  to  the  (nlj)-shell 


Ru 

mi  Max  .  . 

G  (Rn)  <  I  r^dr  p^nlJ,(r)  Ix(r) 

RN 


(A-40) 


wi  th 


and 


Ka  =  1  if  the  (nlj)-shell  is  closed 
=  21  +  1  if  the  (nlj)-shell  is  open 


( A— 4 1 ) 


IT  /  2 


Vr) 


=  1 


-  coseN(r)  +  J 


sin©d© 


eN(r) 


sin©N(r)\2X 
sin© 


(  A —4  2 ) 


The  functions  (A-42)  can  be  expressed  ana lyt i ca 1 ly .  They  decrease  from  1  to  0 
when  r  goes  from  to  infinity.  The  explicit  forms  of  these  functions  show 


that 
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!x(r)  <  kx  (T>  rn  ^  r  ^  RMax  ~  10a( 


*3.5,  k.,  -  1.3,'k^  =  1.  for  X  >  3 


( A— 43 ) 


We  then  get: 


G(1)(y  <  yx  («N)2  I  4"  dr  p(QnlJ)(r) 

RN 


(A-44) 


The  integral  is  lower  than  the  expectation  value  <r  of  r  2  in  the 

(nlj)  shell.  Inserting  (A-44)  into  (A-34)  finally  gives  the  transition 
probability  for  an  electron  i  belonging  to  the  (nlj)  shell: 

P(1)(T0)  <  PMaX  (T0.rl0  =  V  X  [0(nlj)(RN)  r  kx  E(nlJ)]  (A-45) 


E(nlj)  =  <l(RN)2  <r~2>(nlj) 

The  quantities  and  <r  2>^nl^  can  t>e  found  in  the  literature.  They 

are  given  together  with  in  Table  I  for  the  Uranium  atom. 


\  ^'•'vCy^ ox-v  o'  o  w  ’Of  o'  ^ v  r " 
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FIGURE  CAPTIONS 


FIGS,  (la)  to  He) . 

The  partial  transition  probability  P(T  ,  r^Q,  zQ)  -  Eq.  (12)  of  the  text  -  as  a 

-8 

function  of  r  for  z  =  2  a  (a  =  .529  10  cm)  and  two  values  of  the 
J.0  o  o  o 

laser  flux  <$>.  is  the  laser  photon  energy  and  the  energy  of  the  nuclear 

transition.  The  three  figures  correspond  to  the  three  transition 
multipolarities  x  =  1,  2  and  3.  The  scales  on  both  axes  are  logarithmic, 
showing  the  linear  dependence  of  Log  (P)  on  Log  (r  ). 

FIGS.  (2a)  to  (2c) . 

The  partial  transition  probability  P(T  ,  r  =  R  ,  z  )  as  a  function  of  z  for 

o  io  N  o  o 

r  =  R.,,  the  nuclear  radius.  The  laser  flux  is  fixed  to  one  atomic  unit  <t>  * 
j.o  N 

16  2 

7.  10  W/cm  .  x  is  the  multipolarity  of  the  nuclear  transition.  Different 

values  of  (laser  photon  energy)  and  (nuclear  transition  energy)  have 

been  chosen  for  the  three  figures,  showing  how  evolves  the  periodic  behaviour 


TABLE  CAPTIONS 


235 

Table  I.  Parameters  associated  to  the  electron  shells  (nlj)  of  the  U 

atom.  gnlJ  is  the  level  degeneracy,  an  angular  average 

n  2,  i 

parameter  defined  in  (A-41),  c  the  single  particle  binding 
nii 

energy,  0  ( R ^ )  the  probability  of  one  electron  of  the  shell  to 

be  inside  the  nucleus,  ( —  means  less  than  10~10),  <r  the 

average  value  of  r  ^  for  one  electron  of  the  shell  and  Enl^  = 

R^  <r  .  R^  is  the  nuclear  radius  (.14  10  ^  aQ  for 

_  Q 

wi th  a  =  . 529  10  cm) . 

0 

Table  II.  Values  of  PMax  (T  ,  r  =  R..)  -  Eq.  (20)  of  the  text  -  and  of  the 

0  i»0  N 

total  nuclear  transition  probability  per  laser  cycle  when  taking 

235 

into  account  different  atomic  shells  or  groups  of  shells  in  U. 

and  \  are  the  energy  and  the  multipolarity  of  the  nuclear 

transition  respectively  and  pfujo  is  the  laser  photon  energy.  The 

16  2 

laser  flux  is  assumed  to  be  $  =  7  •  10  W/cmc 

'able  III.  .Maximum  population  yields  of  the  75  eV,  2b  mn  isomeric  level  of 
235 

U  by  means  of  the  laser-t-electron  mechanism  described  in  the 

text.  The  characteristics  of  the  laser  beam  are  the  following: 

16  2 

photon  energy  Kuo  =  5  eV,  flux  $  =  7  •  1 0  W/cm  ,  focus  volume: 

3  - 1  3 

(10  um)  ,  pulse  duration  300  laser  cycles  (-  2  •  10  s),  pulse 

repetition  rate:  one  per  second.  The  exposed  material  is  assumed 
235 

to  be  a  sample  of  u  hexafluoride  gas  at  a  pressure  of  1  Torr 


35 

at  normal  temperature  (3  •  10^  nuclei  in  the  laser  focus  vo'ume). 
The  numbers  listed  on  the  last  line  have  been  included  for 
amusement.  As  indicated  in  the  text,  the  inner  electrons  cannot 
contribute  to  the  nuclear  excitation. 

Table  IV.  Maximum  transfer  probability  per  laser  pulse  from  a  storage  level 

235 

to  a  lasing  state  in  U.  The  characteri sti cs  of  the  laser  beam 

are  the  following:  photon  energy  Hu  =  5  eV,  flux  <j>  =  7  •  101& 

-1  3 

W/cm,  pulse  duration  300  laser  cycles  (~  2  •  10  s).  All 

electrons 

except  those  of  the  Is,  2s  and  2p  shells  have  bepn  assumed  to 
participate  to  the  nuclear  excitation. 
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Table  A- I :  Numerical  values  of  Cxu  and  analytical  expressions  of 

Pxu  * 

fku  and  for  1  <  X  <  3  and  o  <  i  <  x. 
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